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I. Introduction

This final report is prepared according te the guidelines
described in RDRD-CS Form 18 (2 July 1973), A number of reprints
of published work have already been submitted ant all others will
be forwarded as soon as they become available. A listing of all
publications and abstracts derived from werk supported by these
ARO contracts 1s presented in Section III cof this report. 3ince
all technical data will be presented as published works, the
substance of this final report is presented as the overall summary

described in Section Il.




11.

Summary of Research =~ Covering Period of July 1, 1974 - June 30, 1977,

1, General procedures.

The transcription of certain inducible en2yme sysiems in

Escherichla coll does not occur unless the promoter sites for these

operons are activated by a protein -~ the catabolite repression protein
(CRP) =~ which must be allosterically modified to 1its active, binding
conformation by a low molecular weight cyclic uucleotide icentified as
cyclic AMP (cAMP). This regulatory phencmenon is hnown as catabolite
repression (CR) and involves synthesis of transport proteins and
dissimilatory engymes that are utilized in the catabolism of substrates
such as lactose, glycerol, the pentoses, and many others, The specific
inducers for each of these operons (e.g., J-galactosides for lactose
dissimilation, ete.) and the cAMP=-CRP complex must be simultancously
available 1f transcviption is to be initiated. When cells susceptible
to CR are grown on other substrates such as glucose, gluconate,

or gluccse=6=phusphate their production of cAMP is inhibited rosulting
in lovered eAMP=CRP levels and a consequent repressfon of those
transceriptions reguiring activation by this complex. In other words,
the awount of eAMP produced under these growth conditions is insuff-
icient to produce the cAMP-CRP confotwmation nceded to allow certain
operons Lo be transeribed.  Othor catabolite vepressible operons,
however, appaveatly continue to be transceibod until the 1ntvacellular
CAMP pool s lowercd even further as oceurs iu oy wutant strains in
which adenylate cyelase is not synthesized.  dutsnts unable to
synthesize the CRP protein (gip mutanty) are aiso unable to syuthesise

catabolite repressible proteias,
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In wild type cells CR can be overcome by adding exogenous cAMP
to the culture medium containiag the repressor substrates. In cya
mutants, exogenous cAMP must be added to the culture mediws in orderx
for the cells to synthesize the catabolite vepressible proteins, and
in crp mutants these proteins arc not synthesized regardless of
availability of cAMP, In studying systems suspected of iequiring
the cAMP-CRP complex 1t le= necessary te use these two mutant strains
in addition to the wild type, parentar cells, This was doas in the
research summarized here., The objective of these studies was to
determine the extent to which the membrane functions of k. coli,
particularly those involving transport activities, were reaulated by
the cAMP=-CRP regulatory system., Although these studies are Jar from
complete excellent progress was made and a cohesive body of new
information was generated during the period covered by thig contract.
1f all manuscripts yet outstanding are completed aad accepted forx
publication within the next few months, a total of 11 papers and &
abstracts of papevs presented at the national mectings of the American
Society for Microbiology will have bueen generated as a result of this
contract.

2. Trausport of plucose~6=phasphiate. Transyort proteins

involved in metabolism of substrates such as glyeevol, iactose, and
the penteses are synthesived under ¢AMP-CRP regnlaiicn, We have
established that the hesose phusphate tronsport (WPT) system used for
glucose=G-paosphate (GOP) uptake 15 alse regulaced fn this fashion
(2,9). We Jemonstvated that there was anly one WPT system dn L. coll

celly ~ a point o1 confusion based vt eatlicy Literature, and that
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tf' v prior confusion concerning the apparent Km for GoP transport

i3 3 could be attributed to the fact that different researchers used
A

i 3 different concentrations of phosphate in their uptake assay sysiems.
4

- o

We showed that the Km for G6P uptake increased lirearlly with che
increase of phosphate. Also, we dumonsivated that iv was ccitical

to purify commercial radioactive GEP before use in transport studies.
Other workers have apparently not dome so resulting in some nisleading
information in the literature.

3, Role of cAMP=CRP in the PTS. While it was not surprising

that synthesis of the HPT required cAMP=CRP, we were surpriscd to
discover that the phosphoenolpyruvace: phosphotransferase systen
(PT8) was also under this control. Cya and crp mutants were found to
be unable to synthesize the Ligh affinity (Km ca 10 um) transport
system for glucose (2,4,5). Cyi cells synthesized this latter system
only i{ cAMP wus added to the prowth medium ¢rp mutants were unable
to synthesize this system undes any civeumstance. This finding valned
questions concerning the nature ol the repulatory fntevactionn cthat
exist between the P15 and the cAMP«CRP systems ia thewe bueteria,
Others hud already shown that the PTS {nhibiced eAMP syuthesis by
controlling adenylate eyelase activity., Our duta suggest tids
rogulation is eyclic in nature with cAMPCRP requived for the cells to
synthesize factors 111 and 11 b which are believed te be the
components unique to e hipgh aiiinivy PTS,

4, Congtruction of PTS and ¢AMP=CRP double mutauts, We have

proposed that 1f che eyclic nature of this interaction is to be under-

stood at the mechanistic level 1o will be necessary teo dualyse mutant
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strains that lack components of the PTS and the cAMP~CRP systems.
In this connection we undertook construction of mutants lackiag both

systems. For this purpose, Salmonella typhimurium strains having

well characterized single and extendec delz=tions of the PTS were
used along with strains of this orgunisms mutated in the sva or crp
genes. Through appropriate transduction experiients we were able to
construct strains having the following senotvpes: pts 1V cya,

pts 1 ¥ crp, pts H cya, pts H crp, pue I cvr 7 cvi, pts Hl U cya,

pts HI ¥ crp, pts HI crr © cya, These "doudle" mutants have now becn

well characterized and studied with vespeat to their ability to
synthesize the anaerobic, inducible biodegradative threonine deaminase
(14). These studies are still incomplete and must include assays

for cAMP production and L=-threconine transport capacities in all
strains, To date, however, our data with these “double mutants”

indicate that the pts U and nis 1 gene products somchow repress the

organisn’'s ability to synthesize the biodesradative chreonine
deaminase walch is regulated by the cAMP-CRP éomplex. We anticipate
that valuable information will be obtained when those new "double"
Bmutants arve examined in furihexr dectail, |

5. Studies on wembrane enerpetics.  Transpore of substrates

across the bacterial mewbrane wmust be siudied is verms of the enofpetics
fnvolved fn thoe process. la the ease of PIS substrates the wochanist
of transport is vectorial phosphorylation in wiach phosphocaolpyruvate
(PEP) is the energy donor. Transport of othev nubstrates such as
methionine or glutamine utilize ATP directly fu some mander. “he
wajority i Substrates transported undet aervbiz conditions enter the

cells utilfzing a protos wotive foree (HEY enwsiating W BY and tonie

%
-
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gradients established across the membrane during ex: rgonic
dissimilations. Specific symport proteins (translocators) transport
the substrates into the cells as energized by the PMF, The formation
of this PMF 1s also believed respousible for synthesis o! intra-
cellular ATP via the oxidative phosphorylation coupling «:. elestron
transfer to the ATPase reaction: Pi + ADP -+ ATP,

Our studies have shown that cAMP~CRP regulation plays an
important role in these PMF-associated memorane functicn, in K, coll,
We have established that this complex is nceded for 1) normal
synthesis of the organism's cytochrome system (L1,5), 2) formaticn
of the primary dehydrogenases: NADH dehydrogenase, D=lactace
dehydrogenase, and succinate dehydrogenase, 3) raduction of 02 by
the substrates: NADH, D=lactate, and succinate, &) formativon of the
02~1£uked transhydvogenase and 5) synthesis of the flavin cofact va:
FMN and FAD (7). FAD luvels in gya and erp wmutant cells, for exumpla,
were ouly 10X of wild-type levels (7)., The naphtogquinene levels i
those cells seew unaffected by these mutations, Frow these dat; (R
concluded that the wajor components of the E. coli eleccron transport
systom are regulated by edP-CRP. | .

Continuing alvng these lines, we were Lhea aise able to show
that this reguldtory complex was very mucl favioisod o the ability
of E. culf to generate a DNF¥ from Dolaviate and o use this PHF tor
ATP synthests,  AlPase concentrations pes st seened unaffected by
this cumplex. When the aveitficial cnevgy source = phenozine
zothosulfatu-ascrobate - was used to vuergize the PNF fnstead of

D-lactate, the ¢ya and orp mubant cells weve found to be totally

h‘i&aﬁgv@w,“wsu-%~‘=




T ST g e T WA

x

-y

e gl 7 gy

T T TE, A YT Y Tty

TG TR R e g?;»\f."’F _ﬂHﬂV*mT-B?Mvw3~ﬂs-z:\vr~?~nw

unable to form a wild-type PMF or generace ATP synthesis from
this substrate. These findings have important and far reachiag
implications concerning bacterial membrane energetics. Much work
yet remains to be done in this area although we can now safely
conclude that the cAMP-CRP complex is intimately involved ir
regulating menbrare bicenergetics (7).

6. Role of oAMP—CRP in comstruction and functior of the

E. coli outer membrane and periplasmic proceins, 7The atuve

discussed transport and energetic functions are believed o be
associated primarily with the inner wembrane - that is with the
cytoplasmic membrane of the Gram negative envelope which ineludes
an outer unit wmewbrane as well as an inner memb:iane. Having showm
that cAMP=CRP regulates inne:¢ membraune activities we sought %o
determine if it was algo lnvolved in rogulating periplasmic ang
outer membrane proteins as well, Te answer shis  eudstion wo
analyzed some of the enzymes of the periplasnic vegion and the
proteins of the outer nembrane by SDS-gel eiectrophoresis,

Péreurai and sutant cells were suujected to wild osmotic shock
sufficient to esktract periplasmie proceins as doseribed ia ehe
literature. Periplasmic acid and alkaline phosphatase but not eyelic
phospliodiosterase vere found to be reduced by approximately 503 by
the ¢ya and crp strafne,  This data showed that this portion of vhe

E. uoli envelnpe was influsiaad by ¢AMP«CRP rogulation,  Aalyses of

outer menbrane provedus extractad by the Schadliman precedure and

separated by SDS-acrylamade eleclvophoresis showed that this replon

was also under ¢AMP~URP control. Oue protels wag altiost totally
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absent in the mutant cells. Tnis protoin has now been identified
as the T6 phage binding protein (3,12,13). During the ccurse of
these studies a novel technique was discovered for isolatiag the
T6 binding funding protein from outer membrane preparations (11).
In this procedure a kiown concentration of Te phage 1is imbedded in
the loading gel region of tiw acrylamide gel und the vut:v membrune
sample added in the usual wmananer. After elecirophoresis it can be
shown that all proteins migrate through the gel except the T6«bindin3
protein., The lazter can be removed from the phage subscaueatly by
increasing the clectrophoretic curveat.

1t has been reported by others that the Tb bindlug protein ie
also the colicin K binding site, und chat this site has some tvps oY
regulator function in centvollisngy memurane ATP synthesis vie elecuraa
transport activities, Al)l peotuine Rauen o be rogulated Ly ciid-
CRP have somw favelvement in the orzuisn's carbon and wnergy
wotabolism. The Tﬁ binding pretein scemuec to be an exceniion te
this rulc.. However, it it is indeed avolved tn the cell'a blowtevp . -
functien this ﬁrineiplo still holds. Wo ave coviously fnserester &
‘earrying out rurther work with this pavticular éuter wonbrane prsieia.

1. Fatty acid content under eddbaedp tertria,  Fatly astd

analyses showed BRat s and ¢ip mutan ulle had lower lovels of

palmitolede and eis=vacceants and Lighcr levels of 2i8-9,10 metvylone .8

hoxadecanote aoad thaa wid o wisd=type <olls GV 1t i w0t Raewn
what generalized effects thoede siterativas mav Lave on coabrane

organization,f lutdiey, vic., bt 4t cai be avsutied that Lhey do

LR N R
s " 2 Sand's G R A s

play some role fn i orpanisu's metovane fuwn. tioms,

geey BRI A
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8. Geneti. surpression of the cAMP requiremenc. During oux

work with cya surains (E. coli strain C-57 in particular) it was
observed that they tended to be unstable, We discovered that this
instability was not the result of reversica back to the wiid-type
state, but rather, v the emergence of a new type of mutation,

This new mutation wus subsequently found to be a suppressor mutation
for the cAM? reguir-ment in *his organism, These mutants have now
been obtained from all cya strains available irciuding & <y2
detection strain., They all retain the tva character bur regain
wild-type abilicy to grow on all substrates without need for
endogenously produced or exogenously adaed cAMP. Yot only do they

no longer need cAMP, they are in fact inhibited by even low
concentration of cAMP duvring growth cn cerrvaln substrates, This
inhkibition was found to be the rvesult of the following sequence of
events: 1) in the presence of cAMP tho suppressor mutants synthesize.
higher than wild~type levels of certain transport systems (e.g.,
xylose or B-galactoside transport); 2) high uptake rates increase the
intracellular catabolite pools, including presumably dehydroxyacsione
phosphate (DHAP), which is normally produced in only small amvunts
and which is the substrate for methylglyoxal (MG) synthase; 3) MG
synthdse levels increase approximately 2-5 fold during growth iu the
presence of caMP, but the levels of MC dissimilatiug ensymes,
glyoxalase I and D-lactate denylrogenase, do not vary from wild=type
levels, As a result of theso cAMP-induced cheanges in these cells MG !
accumulates to a level of opproximately 0,40 wM which 1s toxic to the

cells and further goowth ceases (105,
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These suppressor mutants, designated csm mutations {cAMP suppressor
mutations) have been studied genetically and fouad to occur in the
crp region (8). It is thus proposed that the csm mutation causes

synthesis of an altered CRP which funcrions in promoting initiation

without modification by cAMP. We are currently attempting to analyze
the CRP from these suppresscor strains and characterize the changes
brought about by the suppressor mutation.,

9. Transport studies using the csm mutanti, Th: csm mutaats

have a number of altered transport properties that are interesting
and currently under investigation, Another inteveuting propercy
which 1s perhaps related to transport activities is their ability to
show a typical catabolite repression respoinse to p=galactosidase

’? synthesis despite the fact that they lack adenylote cyclase activity,
" Inhibition of the latter is thought to be the basis for catabclive
reprassion. One can induce high rates of B=gala:tosidase synlacaes
éé ‘ﬁ; in the csm mutants and then vepress this synthesis by addition of

%g glucose. This repression in turn can be comnlécely overturned by

addition of cAMP. Since adenylate cyclase can't te involved, this

phenomenon is not true catabolite repression per se or the generally

accepted mechanism explaining catabolite repression is incorrect.

ﬁu Wotk along these lines is also continuing,

10, Progress resume, Ia my oplaion the wurk conducted under

this contract wus exceedingly productive. Cloar fnsighus were :
developed as to the role of cAMP=CRP as a rewu.ator of key membrane
activitles {n £, cell. Mator transport and bioenergetic functions

of the F, onlf membrane systen are vegulated by this complax at the
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genetic level. These studies were also productive in raising
new issues and questions that allow us to probe deepar inte the
intricate biochemical processes that reside in biomembranss and

which are of extreme importance to cell growth and survival.
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